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ABSTRACT: We develop an effective potential approach
for assessing the flow of charge within a two-dimensional
donor–acceptor/metal network based on core-level shifts. To
do so, we perform both density functional theory (DFT) cal-
culations and x-ray photoemission spectroscopy (XPS) mea-
surements of the core-level shifts for three different monolay-
ers adsorbed on a Ag substrate. Specifically, we consider per-
fluorinated pentacene (PFP), copper phthalocyanine (CuPc)
and their 1:1 mixture (PFP+CuPc) adsorbed on Ag(111).
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1. INTRODUCTION
X-ray photoemission spectroscopy (XPS) is the most powerful
technique to track the changes in the chemical environment of an
atom through its core-level shifts. Core-level peaks are readily de-
tected and identified, and core-level shifts can be determined, nowa-
days, with the highest precision.
In reality, two phenomena contribute to the energy shift of a
core-level during a chemical process. First, there is the change in
the number of valence electrons or charge transfer into the atom or
molecule, which is the quantity we wish to determine. Second, and
sometimes overlooked, is the change in the way all energy levels
in each atomic species, including core-electron levels, are screened
by the external environment. This may include screening from the
surrounding atoms, molecules or the substrate. As these two con-
tributions are often of the same order of magnitude, and typically
differ in sign, even a substantial charge transfer may result in quite
a small core-level shift.1,2
Experimentally, core-level shifts are known to be affected by
the so-called photoemission final-state effects, i.e., the changes in
the screening of the photoemission core-hole. Moreover, core-hole
screening can vary so much, e.g., during the oxidation of a metal,3
as to basically dictate the core-level shift. At this point, only pho-
toemission theory can be used to account for both the (initial state)
core-electron and the (final state) core-hole screening, in order to
assess the charge transfer from the (experimental) XPS core-level
shift. However, this requires expensive calculations of the photoe-
mission excited state 4–15 even for the simplest system, and hence it
becomes unaffordable for molecular complexes with large numbers
of atoms.
Systems where the changes in core-hole screening are small are
better suited for combined theory/experiment studies, since final
state effects can be neglected. For example, when moving from a
pure to a mixed donor/acceptor molecular monolayer on the same
metal substrate. These systems have stimulated much interest for
both experimentalists and theorists, particularly for olefins, 16 pen-
tacene,17–24 perfluorinated pentacene,25–27 their 1:1 mixture, 28–31
copper phthalocyanine,32–37 and fluorinated phthalocyanine,38–40
on the (111) facet of the coinage metals. It has been repeatedly
reported that such two-dimensional blending of donors and accep-
tors gives rise to core-level shifts in all atomic components. Here
we show that the corresponding transfer of charge can be estimated
from the core-level shift if changes in the external environment dur-
ing the molecular blending process are properly accounted for. In
fact, we demonstrate that, in the absence of major chemical dis-
ruptions, an effective potential approach can be utilized for a semi-
quantitative evaluation of changes in core-electron screening. This
effective potential approach is computationally cheap, thereby al-
lowing a fast and accurate determination of molecular charge trans-
fer.
The present work combines density functional theory (DFT) cal-
culations with the XPS study of perfluorinated pentacene (PFP),
copper phthalocyanine (CuPc) and their 1:1 mixture (PFP+CuPc),
on the (111) surface facet of Ag. In Section 2 we provide details of
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Table 1. Lattice parameters a, b, and α, for the PFP and CuPc
pure and 1:1 mixed monolayers on Ag(111) as obtained from
STM (upper values),46 and those commensurate with the ex-
perimental bulk lattice constant for Ag of 4.09 Å,45 used in the
calculations (lower values)
monolayer a (Å) b (Å) α
PFP
17.0±1.0 8.8±0.9 62◦ ±2◦
17.352 8.676 60◦
CuPc
14.1±0.8 13.9±0.7 88◦ ±4◦
14.460 15.028 90◦
PFP+CuPc
29.3±0.6 22.0±2.0 89◦ ±6◦
30.055 23.137 90◦
the computational and experimental methods employed, a deriva-
tion of the effective potential model, and a discussion of the ini-
tial state method used to calculate core-level shifts. We also test
the reliability of these DFT calculations by a direct comparison of
scanning tunneling microscopy (STM) measurements and simula-
tions. The results are discussed in Section 3, beginning with the
charging of PFP on Ag(111). The initial state method for calcu-
lating core-level shifts is then compared with XPS measurements
for multilayers and monolayers of PFP on Ag(111). The depen-
dence of the calculated core-level shifts on both charge transfer and
the external potential is then demonstrated for monolayers of pure
PFP, CuPc and their 1:1 mixture PFP+CuPc, and compared with
experiment. These results are then used to compare the calculated
charge transfer from DFT with that obtained from a model based
on the core-level shifts and change in external potential. The model
is then applied to the XPS core-level shifts, to estimate the experi-
mental charge of PFP on Ag(111). This is followed by concluding
remarks in Section 4.
In Appendix A we provide provide further details of the STM
simulation method employed. We then compare results from three
different final state methods, described in Appendix B, with XPS
measurements and initial state method calculations for monolayers
of PFP on Ag(111) in Appendix C.
2. METHODOLOGY
2.1. Computational Methods. DFT calculations have been
performed using the real-space projector augmented wavefunction
(PAW)41 code gpaw, 42,43 within the local density approximation
(LDA) for the exchange-correlation (xc)-functional, 44 using a grid
spacing of 0.2 Å. An electronic temperature of kBT ≈ 0.1 eV was
employed to obtain the occupation of the Kohn-Sham orbitals, with
all energies extrapolated to T = 0 K.
Monolayers of PFP, CuPc, and their 1:1 mixture PFP+CuPc
have been structurally optimized until a maximum force below
0.05 eV/Å was obtained in vacuum and adsorbed on the Ag(111)
surface, while keeping the coordinates of the metal slab fixed. The
lattice parameters, shown in Table 1, are those commensurate with
the experimental bulk lattice constant for Ag of 4.09 Å,45 which
are nearest to the periodicity of the monolayer on the surface as
observed by STM.46 In Figure 1 (a) and (b) we compare the mea-
sured and calculated STM images, respectively, for the mixed 1:1
PFP+CuPc monolayer on Ag(111). The images agree quite well
justifying our approach. Further details concerning the STM simu-
lation procedure are provided in Appendix A.
The Ag(111) surface has been modeled using N = 1,2,3, . . . ,6
layers with the slabs separated from their periodic images by more
than 12 Å of vacuum. For such large unit cells as those used herein,
cf. Table 1, we found a Γ point calculation was sufficient to converge
b
a
α
Figure 1. STM images of a mixed 1:1 monolayer of CuPc and PFP adsorbed
on Ag(111) from (a) experiment 46 and (b) a Tersoff-Hamann 47 calculation.
The unit cell of the calculation is also shown, with a, b, and α provided in
Table 1.
the electronic density for the mixed PFP+CuPc monolayer, while
for pure PFP and CuPc we employed a (1× 3× 1) and (3× 3× 1)
k-point sampling, respectively. However, for calculating core-level
shifts from an initial or final state method, a Γ-point calculation
based on the optimized geometry was found to be sufficient to con-
verge the core 1s levels.
For each monolayer, both spin polarized and spin paired calcu-
lations were performed in vacuum. For CuPc we find the molecule
has a magnetic moment of µ = 1µ0 in vacuum. However, in the 1:1
mixture consisting of two CuPc and two PFP molecules, shown in
Figure 1, CuPc is paramagnetic with no net magnetic moment, as
was also the case for PFP. For this reason spin paired calculations
were sufficient to describe the adsorption of the two monolayers on
the Ag(111) surface.
To model the effective potential for the semi-infinite Ag(111)
surface V in the experiment, we have used a fully-relaxed 13 layer
Ag(111) slab. Such a thick slab is required to completely converge
the band structure of the Ag(111) surface, and remove surface—
surface interactions from the calculation. In this case, we have
employed the generalized gradient approximation (GGA) as im-
plemented by Perdew, Burke, and Ernzerhof (PBE) for the xc-
functional48 with an optimized bulk lattice constant of 4.166 Å
in the surface plane, and a (11 × 11 × 1) k-point sampling. The
GGA-PBE xc-functional is expected to provide a more accurate
description of the experimentally-observed effective potential, by
removing the spurious long range over-binding found in LDA cal-
culations.
2.2. Experimental Setup. The Ag crystal was cleaned by cy-
cles of Ar+ ion sputtering followed by annealing to about 400◦C.
Molecule coverage was calibrated using a quartz crystal microbal-
ance. Measurements took place in UHV conditions, with base pres-
sures in the 10−10 mbar range.
STM measurements were performed at a commercial Omicron
VT-STM in constant current mode with electrochemically etched
W tips. The XPS experiments were performed at ALOISA beam-
line of the Elettra Synchrotron in Trieste, Italy. A photon energy of
500 eV was used for the C1s and N1s core-levels, and 810 eV was
used for the F1s core-level. Cleanliness of the surface was checked
by measuring the C1s and O1s spectrum. At the same time, cover-
age in pure and mixed layers was verified through analysis of the
N1s and F1s core-level intensities, with the Ag3d level as common
reference.
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Figure 2. Schematic depicting the initial state method for calculating core-level energy shifts as applied to a PFP monolayer in vacuum, charged, and adsorbed
on a Ag(111) three layer surface. The calculated density of states (DOS) for the initial state (——), charge of the molecule Q, external potential V
(———), and C1s energy shifts are shown. Occupation of the DOS is denoted by grey regions, with charge added to the molecule in vacuum marked in
red. Depictions of the neutral, charged (Q ≈ −0.75 e), and adsorbed PFP on Ag(111) are also shown below, with the change in charge density depicted by
isosurfaces of −0.1 e/a30. C and F atoms are depicted by gray and green balls, respectively. Note the DOS for the PFP monolayer in vacuum was increased by
a factor of five for clarity.
2.3. Theoretical Model. Once the equilibrium structures were
obtained from standard DFT, calculations of the core-level shifts
were then performed. The core-level shift, ∆E, is defined as the
difference in binding energy of an electron in a core state between
two environments E1 and E2, so that
∆E ≡ E2 −E1 (1)
As a particular example, we may consider ∆E the difference in
binding energy of the C1s level of PFP between a monolayer in
vacuum and a mixed 1:1 monolayer of PFP+CuPc adsorbed on the
Ag(111) surface.
The core-level shift is determined, to a large extent, by two fac-
tors: (1) the charge transfer into the atom Qa, and (2) the effect of
screening of the atom by the external environment. In the linear
regime, where major chemical interactions are absent, the change
in screening should be related to the change in the effective poten-
tial coming from the atom/molecule’s external environment V , at
the atom’s position ra. Under these conditions, the core-level shift
should be an additively separable function of the charge transfer
and change in external potential, i.e.
∆E(Qa,V) ≈ fmol(Qa) +g(V) (2)
Here g(V) describes the change in screening of the atom between
the two environments. If we assume the molecule does not undergo
significant alteration between the two environments, then g should
only weakly depend on the molecule. In this weak interaction limit,
we may further approximate the screening from the environment
simply by
g(V) ≈ −V(ra) (3)
In this way, the core-levels of an atom should shift to stronger bind-
ing energies when the molecule enters a binding external potential,
e.g. due to a screening by a surface. Although somewhat drastic,
we shall show that this crude approximation captures the physics of
the core-electron screening for such systems.
The dependence of the core-level shift on the charge transfer
fmol(Qa) should depend only on the local chemical environment
of the molecule, and may be assumed independent of the external
environment. In this way, for typical donor–acceptor charge trans-
fers, fmol(Qa) ≈ κaQa ≈ κXQX , where X is one of the symmetrically
inequivalent chemical environments on the molecule, i.e. atomic
species, and κa/X are constants. Further simplification is possible
by reformulating fmol in terms of the total charge transfer into the
molecule Q. This is done by assuming that the fraction of the total
charge which is given to atomic species X, QXQ , is a linear function
of the total charge. More precisely,
fmol(QX) ≈ κX QXQ Q ≈ (ξ+ ζQ)Q = ξQ+ ζQ
2 (4)
where ξ > 0. This implies that the core-levels should shift to weaker
binding energies when charge is transferred into the molecule. Fur-
ther, if X is less electronegative than the other atomic species in the
molecule, i.e. C relative to N or F, then ζ > 0. On the other hand,
the opposite would be true for more electronegative atomic species,
such as N or F relative to C.
Substituting 3 and 4 into 2, we obtain a simple expression for the
core-level shift,
∆E ≈ ξQ+ ζQ2 −V (5)
in terms of the molecule’s charge Q, the effective potential from the
external environment V , and two molecule dependent parameters ξ
and ζ.
These two parameters may be obtained by performing core-
level shift calculations for a charged pure monolayer, as depicted
schematically in Figure 2. In this case, the screening from the ex-
ternal environment does not play a role g(V) ≈ 0, so that the core
3
level shifts are only dependent on the local chemical environment
of the molecule, i.e. ξ, ζ, and Q. Since the charge of the molecule
is specified within the core-level calculation, by performing a few
such calculations for various chargings Q, one quickly obtains a
good estimate for ξ and ζ.
Once one has obtained ξ and ζ, since fmol is assumed to be de-
pendent only on the charge of the molecule, one simply needs to
calculate the molecule’s charge via a Bader analysis in the exter-
nal environment. On the other hand, for an estimate of the external
potential V , one should separately calculate the effective potential
from the external environment, e.g. a clean metal substrate or only
the surrounding molecules in a mixture. This is depicted schemati-
cally in Figure 2 for a pure PFP monolayer on three layer Ag(111).
In this case, V is the effective potential from a clean three layer
Ag(111) slab at the height h of the PFP monolayer above the sur-
face. Altogether, this allows one to model the core-level shifts rel-
ative to the neutral molecule using 5.
Likewise, the total charge transfer Q into the molecule may be
modeled using the core-level shift relative to the neutral molecule
in vacuum, E−EQ=0, by
Q ≈ − ξ
2ζ
+
√
ξ2
4ζ2
+
E−EQ=0 +V
ζ
(6)
This result allows us to formulate the following effective potential
approach for describing charge transfer in donor–acceptor/metal
systems based on core-level shifts.
1. Perform a DFT structural relaxation of the neutral pure
monolayer in vacuum.
2. Calculate core-level binding energies for the neutral pure
monolayer in vacuum EQ=0.
3. Calculate core-level shifts for pure monolayers in vacuum
with various chargings Q, ∆E(Q).
4. Obtain ξ and ζ from a quadratic fit to ∆E(Q).
5. Measure or calculate heights h or positions ra of the mono-
layer on the metal substrate or in a mixed monolayer.
6. Calculate the external potential V from the metal sub-
strate or mixed monolayer at the heights or positions of the
atomic species.
7. Measure or calculate core-level binding energies E for the
atomic species on the metal substrate or in the mixed mono-
layer.
8. Using ξ, ζ, V , E, and EQ=0 in 6, estimate the charge of the
molecule Q.
Thus, in order to determine the total charge of a molecule Q, envi-
ronment 1 should refer to the neutral molecule, e.g. a pure mono-
layer in vacuum, or a multilayer crystal on a surface.
For this reason, we first consider the core-level shifts between
a monolayer of PFP in vacuum and adsorbed on the three layer
Ag(111) surface. In this case, though, noticeable changes in core-
hole screening are expected. To assess how much the core-hole
screening may contribute to the core-level shifts, we have used both
the initial state method, where core-hole screening is neglected, and
three types of final state methods, where the core-hole is directly
modeled. Specifically, we modeled the final state within the full
core-hole, half core-hole, and screened core-hole approximations,
which are described in Appendix B. Although each method has
its advantages and disadvantages, overall, we find the initial state
method provides the best balance of accuracy with computational
costs, for the systems we consider herein.
2.4. Initial State Method. In the initial state method, depicted
schematically in Figure 2, the binding energy is described using the
Kohn-Sham eigenenergies for the given core-level relative to the
vacuum energy. This requires an additional DFT calculation us-
ing the relaxed geometry, which includes the core 1s levels in the
valence for all relevant atoms, i.e. C, F, and N. In this way, an all-
electron calculation is performed for the entire molecule, within the
PAW method, without requiring a finer grid spacing, e.g. ∼ 0.05 Å.
The binding energy of atomic species X’s 1s level E, is then mod-
eled by
E ≈ −εX1s +Evac (7)
where εX1s is the energy of a local maxima in the total density of
the states due to atomic species X’s 1s levels, and Evac is the vac-
uum energy. This is given by the maximum in the surface averaged
effective potential,
Evac = maxz
"
A
dxdy
A V(x,y,z) ≈ limh→∞V(h) (8)
where A is the the area of the monolayer in the unit cell, h is the
height above the surface, and V is the effective Kohn-Sham poten-
tial.
To summarize, an initial state calculation of the binding energy
E for the 1s core level of atomic species X involves the following
procedure:
1. Perform a DFT structural relaxation of the molecular sys-
tem.
2. Recalculate using all-electron PAW pseudopotentials for
the molecule.
3. Use the surface averaged effective potential to calculate the
vacuum level Evac.
4. Obtain the local maxima in the DOS for atomic species X’s
core level εX1s.
5. Calculate the initial state binding energies for atomic
species X using E = −εX1s −Evac.
Although the Kohn-Sham eigenenergies underestimate the ex-
perimental binding energies by ∼ 10%, due to error cancellation,
the shifts in the binding energies are quite accurately described.
This method also has the advantage of calculating the core-level
shifts for all atoms in the molecule simultaneously. For complex
systems such as PFP+CuPc with ∼ 100 C atoms, this results in a
computational advantage of two orders of magnitude over final state
methods, where separate calculations are required for each chemi-
cal environment, i.e. atomic species.
3. RESULTS AND DISCUSSION
3.1. Charge of PFP on Ag(111). In order to estimate the
charge transfer to the molecules we have used the Bader partition-
ing scheme. 49 This method only requires the DFT all-electron den-
sity, with the partitioning of the density determined according to its
zero-flux surfaces.
Figure 3 shows the calculated charge Q of PFP in a pure mono-
layer as a function of the number of layers N of the Ag(111) sub-
strate. We find that for N = 3 the charge transfer to the pure PFP
layer is already converged to the limit of Q≈−0.75 e. This suggests
a three layer Ag(111) slab should provide a good description of
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Figure 3. Charge Q in e of PFP in a pure monolayer () and a 1:1 mixed
PFP+CuPc monolayer () as a function of the number of Ag(111) atomic
layers N, calculated via a Bader analysis.
charge transfer from the infinite slab, at a reasonable computational
cost. Since we are mostly interested in an accurate description of
charge transfer within our donor–acceptor/metal systems, we may
employ a three layer Ag(111) slab model for describing the pure
CuPc and the mixed 1:1 PFP+CuPc monolayers.
For the mixed 1:1 PFP+CuPc monolayer, the calculated charge
of PFP increases monotonically with the number of layers N of
the Ag(111) substrate, as shown in Figure 3. However, the charge
transfer between CuPc and PFP remains quite small, as is seen
from comparing the charge of PFP in the pure monolayer and 1:1
mixture with CuPc. This suggests that the effect of the Ag sub-
strate on charge transfer between PFP and CuPc in their mixtures is
quite small, and most probably within the accuracy of the calcula-
tion. For this reason, calculations of PFP and CuPc pure and mixed
monolayers in vacuum may suffice to describe XPS measurements
on the Ag(111) surface.
3.2. Pure PFP and CuPc Monolayers. As discussed in Sec-
tion 2.3, to determine a molecule’s charge Q from a core-level shift
requires that the initial state be neutral. For this reason we have cal-
culated the core-level shifts between a PFP monolayer in vacuum
and adsorbed on a three layer Ag(111) surface with the initial state
method, as depicted in Figure 2. To assess the reliability of these
results we have also compared them with the XPS core-level shifts
between multilayer PFP and a monolayer of PFP on Ag(111). This
is quite reasonable, since the neutral multilayer of PFP on Ag(111)
should have quite similar C1s binding energies to the neutral PFP
monolayer in vacuum.
In Figure 4 we plot the measured XPS spectra for PFP in a multi-
layer (N & 4) and monolayer on Ag(111). The three different chem-
ical environments in PFP, namely CC, CF, and F, are also depicted
schematically in Figure 4. Specifically, for CC we measure a core-
level shift of ∆E ≈ −0.24 eV. Small shifts to weaker binding energy
such as these are often found when moving from a multilayer to
a monolayer on a metal substrate, and are typically attributed to
the stronger core-hole screening by the surface. However, we will
show that there is also significant charge transfer and screening of
the initial state by the metal substrate in such systems.
Figure 2 compares the initial state binding energies, density of
states, and charge transfer for a PFP monolayer in vacuum, charged,
and adsorbed on a three layer Ag(111) slab. As seen in Figure 3,
the Ag slab donates a significant amount of charge to the PFP
(∼ −0.75 e) upon adsorption. Charging PFP in vacuum by the same
amount yields a significant C1s core-level shift to weaker bind-
Table 2. Fitting parameters to the CC, CF, CH, and CN 1s bind-
ing energies −εC1s − EQ=0 ≈ fmol(Q) ≈ ξQ+ ζQ2 in eV for PFP
and CuPc pure monolayers in vacuum, where Q is the charge
per molecule in e
level ξ (eV/e) ζ (eV/e2)
CC1s 2.328 0.285
CF1s 2.382 0.321
CH1s 1.341 0.125
CN1s 1.803 0.118
Table 3. Average effective potential V relative to the vacuum
level Evac in eV of a clean Ag(111) N layer surface at the height
of adsorbed PFP and CuPc pure and 1:1 mixed PFP+CuPc
monolayers
Ag(111) V (eV)
N PFP CuPc PFP+CuPc
1 -1.787 -1.646 -1.773
2 -2.033 -2.033 -1.966
3 -1.874 -1.959 -1.844
4 -1.993 — —
5 -1.890 — —
6 -1.905 — —
ing energies (∼ +1.5 eV) as expected. On the other hand, at the
height h of PFP above the clean Ag(111) surface, the external po-
tential shown in Figure 2 is strongly binding (∼ −1.8 eV), shifting
the C1s core-level to stronger binding energies. These two com-
peting effects cancel, yielding a small overall core-level shift of
∆E ≈ 0.25 eV. Although this overestimates the XPS core-level shift
by about 0.5 eV, this may be attributed to the substantial difference
in core-hole screening between the PFP multilayer and monolayer
on Ag(111), which is not accounted for in the initial state method.
On the other hand, for core-level shifts between pure and mixed
monolayers, the differences in core-hole screening should be quite
small, and may be neglected.
To test the reliability of the effective potential model for core-
level shifts given in 5, we must first obtain a fit for fmol(Q) while
keeping the external environment, i.e. the effective potential, con-
stant. This is accomplished by calculating core-level shifts for the
monolayer in vacuum when applying an external charge Q through
an appropriate shift of the Fermi level.
Figure 5 shows the calculated C1s core-level energies for a PFP
monolayer in vacuum as a function of the applied charge Q. We find
separate local maxima in the DOS εC1s, related to the different C
bonding environments or atomic species in the system, namely CC
and CF as depicted schematically in Figure 4 for PFP, and CH and
CN for CuPc. For each atomic species, we find the core-level shifts
are described quantitatively by 4, with fitting parameters ξ and ζ
given in Table 2. Taken together, these results show that the core-
level shifts are indeed linearly dependent on the charge transfer into
an atom, as assumed in Section 2.3.
Using our calculated fit to fmol, we may now test how well the
change in screening of the core-level g may be approximated by the
change in the effective potential, as given in 3 and 5. This may be
accomplished by using a change in the molecule’s environment, e.g.
adsorption on an N layer Ag(111) surface, to charge the molecule.
In Figure 5 (a) and (b) we compare the core-level energies for a
pure PFP monolayer adsorbed on N layer Ag(111) surfaces, where
N = 1,2,3, . . . ,6. The variation of the charge transfer from the sur-
face to the molecule with number of layers, as shown in Figure 3,
means that these calculations provide a further test of the reliability
5
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Figure 4. XPS spectra for multi-layer PFP () and a monolayer of PFP (_) on Ag(111) of the F (left), CF and CC (right) atomic species, as shown schematically.
C and F atoms are depicted by gray and green balls, respectively.
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Figure 5. Energy E in eV versus charge Q per molecule in e for (a) CC and (b) CF atomic species in PFP and (c) CH and (d) CN atomic species in CuPc of the
C1s level −εC1s in vacuum (), on an N layer Ag(111) surface () and after subtracting the change in external potential due to the Ag(111) surface −εC1s +V
(_). All energies are taken relative to the binding energy of the neutral molecule EQ=0. A quadratic fit to the pure monolayer C1s binding energies in vacuum
(——) is also given.
of the model for ∆E given in 5. Little correlation is initially obvi-
ous between the C1s core-levels εC1s and the charge transfer Q for
the pure layers on Ag(111). However, upon removing the effect of
screening, i.e. plotting −εC1s +V ≈ fmol(Q), we recover the charge
transfer dependence previously observed for the pure PFP layer in
vacuum.
On the other hand, Figure 5 (c) and (d) show weaker agreement
when the same procedure is applied to CuPc on N layer Ag(111),
although the correlation with the charge transfer dependence fmol
is still obtained up to a constant shift. This suggests other contri-
butions are present in the core-electron screening for CuPc. We
attribute this to the greater screening inside the CuPc molecule and
stronger interaction with the surface, due to metallic Cu—Ag chem-
ical bonds.
Taken together, these results validate three major assumptions
made in Section 2.3. Namely, that (1) fmol is linearly dependent on
the charge of an atom, (2) fmol is independent of the external envi-
ronment, and (3) g may be reasonably approximated by the change
in effective potential of the external environment for PFP, while for
CuPc screening within the molecule and chemical interaction with
the substrate are also important.
It should also be noted that the charge of the molecules Q is di-
rectly specified for calculations of the monolayer in vacuum, while
on the Ag(111) surface Q is obtained from a Bader analysis. This
agreement suggests that a Bader analysis provides an excellent de-
scription of the charge transfer for these systems.
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Figure 6. Energy E in eV versus charge Q of PFP in e for (a) CC and (b) CF atomic species of the C1s level −εC1s in a 1:1 mixture with CuPc in vacuum (),
on an N layer Ag(111) surface (), and after subtracting the change in external potential −εC1s +V due to the other molecules in vacuum (4) and due to the
N layer Ag(111) surface (N). The binding energies of the pure PFP monolayer adsorbed on an N layer Ag(111) surface () are provided for comparison. All
energies are taken relative to the binding energy of the neutral molecule EQ=0. A quadratic fit to the pure monolayer C1s binding energies in vacuum (——)
is also given. The mixed 1:1 CuPc+* structure, where the average external potential V ≈ −0.307 eV is calculated at the positions of the C atoms in PFP, is
depicted schematically above. C, N, H, and Cu atoms are depicted by gray, blue, white and orange balls, respectively.
However, as discussed in Appendix C, there is a significant dif-
ference between the core-hole screening of the PFP monolayer in
vacuum and on the Ag(111) surface. This suggests that the calcu-
lated initial state core-level shifts should be shifted by ∼ −0.4 eV
to describe the XPS measurements. To avoid such a discrepancy,
and provide a better comparison between the calculated initial state
core-level shifts and XPS measurements, we shall next compare
pure and mixed monolayers of PFP and CuPc on Ag(111) in Sec-
tion 3.3.
3.3. Mixed 1:1 PFP+CuPc Monolayers. As a further test of
the effective potential model, we next calculate core-level shifts
upon charging a 1:1 mixture of PFP and CuPc. As shown in Fig-
ure 6, the mixed 1:1 PFP+CuPc monolayer in vacuum follows the
fmol(Q) relation up to a constant shift. Overall, for PFP the core-
level is shifted to higher binding energies (∼ 0.3 eV), while for
CuPc it is shifted to lower binding energies (∼ −0.2 eV) when the
two layers are mixed. This is in near quantitative agreement with
the experimental results on Ag(111), as shown in Figure 7.
To estimate the change in external potential between the pure
and mixed PFP+CuPc monolayers, we have performed separate
calculations of the relaxed mixed layer geometry in vacuum with
PFP removed (CuPc+*) and with CuPc removed (PFP+*). The av-
erage effective potential at the coordinates of the C atoms in the
empty sites is then calculated relative to the vacuum energy, V =
V(ra)−Evac, as depicted schematically in Figure 6. For the CuPc+*
layer we obtain a change in external potential of ∼ −0.307 eV,
which brings the core-level shifts for PFP onto the pure layer val-
ues, as seen in Figure 6. This suggests that for PFP both 3 for the
screening and 4 are valid. Further, it shows that the charge transfer
dependent portion of ∆E, i.e. fmol(Q), is independent of the external
environment, and defined by the molecular environment alone.
On the other hand, for the PFP+* layer we obtain a negligible
external potential shift, so that the core-level shift is overestimated
by the model of 5. However, this discrepancy may again be ex-
plained by greater screening in the CuPc molecule due to the Cu
metal atom.
For the mixed 1:1 PFP+CuPc monolayer on Ag(111), we have
assumed the external potentials from CuPc+* and Ag(111) are ad-
ditively separable, so that V ≈ VAg(111) +VCuPc+*. Based on the
semi-quantitative agreement shown in Figure 6 between fmol(Q)
and −εC1s +V , this does appear to be the case.
Figure 6 also shows the core-level shifts between the pure PFP
monolayer and the 1:1 mixture with CuPc on an N = 1,2,3 layer
Ag(111) slab. By comparing with the charge transfer for the same
systems, shown in Figure 3, we find overall the core-levels shift to
weaker or stronger binding energy when charge is transferred out
of or into PFP, respectively. This means the core-level shifts are
strongly dependent on the number of layers in the Ag(111) surface.
Finally, in Figure 7 we directly compare the experimental XPS
spectra with the total DOS for monolayers of PFP, CuPc and the
mixed 1:1 PFP+CuPc monolayers in vacuum. We find that by
shifting the CF1s and CH1s peaks to match the pure monolayer ex-
perimental peaks for PFP and CuPc, respectively, we describe the
experimental core-level shifts and relative binding energies for the
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Figure 7. The calculated density of states (DOS) (lines) and measured XPS spectra (symbols) for the F1s, N1s, and C1s levels versus binding energy for pure
monolayers of PFP (——,_), CuPc (——,), and a 1:1 mixture of PFP+CuPc (——,). The PFP and CuPc structures, along with the four different C atomic
species, CC, CF, CH, and CN, consisting of six and four symmetrically inequivalent C atoms in PFP and CuPc, respectively, are shown above. C, F, N, H, and
Cu atoms are depicted by gray, green, blue, white and orange balls, respectively.
pure and mixed monolayers near-quantitatively. This suggests that
the inclusion of the surface, although providing a significant charge
transfer, is a nearly constant shift, so that calculations for the mono-
layers in vacuum remain an effective means of describing core-level
shifts.
On the other hand, the requirement of separate shifts for the
CuPc and PFP monolayers suggests that the details of the PFP—
CuPc interactions in the mixed layer are not completely captured
at the LDA level. Further calculations including long range van
der Waals type interactions may be necessary to describe both the
PFP and CuPc binding energies with a single energy shift. How-
ever, determining the charge transfer into the molecules based on
the XPS core-level shifts only requires an accurate description of
the effective potential, as we will show in Section 3.4.
3.4. Charge Transfer Model. To determine the reliability of
the effective potential model for describing charge transfer based
on C1s binding energies, we next compare the calculated charge
transfer Q with that obtained from 6.
In Figure 8 we plot the calculated and model charge transfer,
QDFT and QModel respectively, for a a pure PFP monolayer and
a 1:1 mixture with CuPc monolayers in vacuum and on Ag(111).
From 6, we find for the initial state model that
QModel ≡ − ξ
2ζ
+
√
ξ2
4ζ2
+
−εC1s −EQ=0 +V
ζ
(9)
where the model parameters ξ, ζ, and V are provided in Tables 2, 3,
and Figure 6.
We find that for PFP the charge transfer into the molecule is near-
quantitatively described by the model. Specifically, for pure PFP
and its 1:1 mixture with CuPc on Ag(111), the standard deviation
between QModel and QDFT is σ ≈ ±0.09 e, as shown in Figure 8.
These results strongly support the potential use of the core-level
Table 4. Charge QModel in e of PFP in a pure and mixed 1:1
PFP+CuPc monolayer on Ag(111) from an effective potential
model using XSW heights h in Åa to calculate the effective po-
tential for Ag(111) V relative to the vacuum level Evac in eV,
combined with the XPS C1s core-level shifts ∆E in eVb
PFP PFP+CuPc
CC1s CF1s CC1s CF1s
h (Å) 3.16 3.16 3.28 3.51
V (eV) -1.62 -1.62 -1.51 -1.30
∆E (eV) -0.26 -0.24 0.00 0.07
QModel (e) -0.91 -0.89 -0.87 -0.71
aXSW heights for CC and CF in PFP and PFP+CuPc on Ag(111)
taken from refs. 26 and 50, respectively. bXPS core-level shifts
taken relative to multilayer PFP.
shift relative to a molecule in vacuum to describe the charge transfer
upon adsorption and molecular mixing on a metal surface.
In Table 4 we show the results of applying the effective potential
model to estimate the charge transfer to PFP based on the exper-
imental core-level shifts. Here we have used experimental x-ray
standing wave (XSW) measurements to determine the heights h for
CC and CF atomic species in pure PFP 26 and mixed PFP+CuPc50
monolayers on Ag(111). Based on this data, we then use a DFT cal-
culation for a 13 layer Ag(111) slab to determine the effective po-
tential at a height h above the surface V(h). Combining this with the
XPS core-level shifts, effective potential for CuPc+* of −0.307 eV,
and the fitting parameters for fmol provided in Table 2, we obtain
from 6 the charge of PFP QModel, given in Table 4.
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Figure 8. Comparison of charge Q in e from an effective potential model
QModel and from DFT calculations QDFT for PFP in vacuum (), on an N
layer Ag(111) surface (_), in a 1:1 mixture with CuPc in vacuum (4), and
on an N layer Ag(111) surface (N). The standard deviations for PFP and
PFP+CuPc on Ag(111), σ ≈ ±0.09 e, are shown as regions of gray.
We find a charge of about −0.9 e is donated to PFP by the
Ag(111) surface, in both the pure and mixed monolayers. This sug-
gests there is very little net charge transfer to PFP when going from
the pure monolayer to a 1:1 mixture with CuPc in the experiment.
This explains why the calculations for the monolayers in vacuum
describe the XPS core-level shifts so well in Figure 7. It should be
noted these results most probably overestimate the charge transfer
when going from the multilayer to the monolayer of PFP, as the
XPS core-level shifts also include differences in the strength of the
core-hole screening. As this was found to be about 0.4 eV, as dis-
cussed in Appendix C, we may expect the actual charge transfer
to be closer to −0.7 e, in agreement with the DFT results shown
in Figure 3. In any case, by combining the results of XPS and
XSW measurements with DFT calculations, we estimate that there
is a significant charge transfer to PFP upon adsorption on a Ag(111)
surface, which is basically unchanged by mixing with a CuPc donor
molecule.
It should be noted, however, that LDA calculations typically un-
derestimate heights of weakly adsorbed molecular monolayers on
metal surfaces. This is clearly seen by comparing the heights for
PFP and CuPc pure and 1:1 mixed monolayers on Ag(111) from
XSW measurements 26,50 with LDA results, as shown in Tables 4
and 5, respectively. We find LDA calculations consistently yield
heights for C in PFP at ∼ 2.8 Å above the Ag(111) surface. This
is in contrast to XSW measurements, which find both CC and CF
atomic species at h ≈ 3.16 Å in the pure PFP monolayer, and much
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Figure 9. (a) Energy E of the CC1s () and CF1s () levels in eV and (b)
charge Q in e () of a pure PFP monolayer versus height h in Å above a three
layer Ag(111) surface. Energies are taken relative to the binding energy
of the neutral molecule EQ=0 in vacuum. Exponential fits are provided as
guides to the eye.
Table 5. Calculated heights h in Å of each type of atomic species
in the PFP and CuPc pure and 1:1 mixed PFP+CuPc monolay-
ers above Ag(111).
atomic h (Å)
species PFP CuPc PFP+CuPc
CC 2.82 — 2.86
CF 2.80 — 2.82
F 2.73 — 2.72
CH — 2.71 2.94
CN — 2.80 2.98
H — 2.71 2.90
N — 2.82 3.01
Cu — 2.73 2.93
higher at h ≈ 3.28 and 3.51 Å, respectively, in the 1:1 mixture with
CuPc, cf. Table 4.
To understand how these discrepancies may affect the reliability
of the effective potential model, we have calculated the dependence
of the calculated core level shifts ∆E and charge Q on the height h
of a pure PFP monolayer on three layer Ag(111). This is accom-
plished by performing separate initial state core-level calculations
and Bader analyzes after rigidly shifting the PFP monolayer to a
height h above the Ag(111) surface.
Figure 9 (a) shows that as the PFP monolayer is raised off the sur-
face, the CC1s and CF1s binding energies decrease monotonically
to the binding energy for the neutral monolayer in vacuum, EQ=0.
Further, the dependence of the core-level shifts on the height of the
molecule is rather weak, changing by less than 0.2 eV between the
calculated and measured PFP heights of 2.82 and 3.16 Å, respec-
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tively. On the other hand, as shown in Figure 9 (b), the charge Q of
PFP has a stronger dependence on the height h, with Q ∼ −0.8 and
−0.4 e at the calculated and measured PFP heights, respectively. As
expected, we find the charge of PFP decays monotonically to zero
as the monolayer is raised off the Ag(111) surface.
Taken together, these results suggest that although the charge
transfer to the PFP monolayer Q decreases in magnitude with in-
creasing height h, this is countered by a decrease in magnitude
of the external potential V from the Ag(111) substrate. In effect,
changes in fmol(Q) and V with h balance, so that the core-level
shifts ∆E change rather little. Overall, this suggests LDA initial
state calculations of core-level shifts should provide a reliable de-
scription of XPS measurements, and an effective potential model
based on LDA parameters may be applied to estimate charge trans-
fer based on XPS core-level shifts and XSW heights.
4. CONCLUSIONS
In summary, we have derived and applied an effective poten-
tial approach to describe charge transfer within a reticular donor-
acceptor/metal complex based on core-level shifts. To do so we
have performed DFT calculations and XPS measurements of core-
level shifts for PFP, CuPc, and mixed 1:1 PFP+CuPc layers ad-
sorbed on Ag(111). We find that the calculated core-level shifts are
described near-quantitatively in terms of the charge transfer into
the molecule, and the change in external potential from the envi-
ronment, which captures the effect of screening for the weakly in-
teracting PFP molecule.
Using this model, we were able to estimate the charge transfer
into a molecule using the experimental core-level shift relative to
the pure multilayer crystal, and the calculated change in effective
potential due to the other molecules and the metallic substrate. This
provides a novel method for the direct assessment of charge trans-
fer in weakly interacting molecule–substrate systems via XPS mea-
surements and routine DFT calculations. However, further study is
needed for other donor–acceptor/metal systems, e.g. PEN or FCuPc
on Cu or Au, to fully assess the applicability of the effective poten-
tial approach.
 APPENDIX A. STM
The STM image in Figure 1 (b) has been obtained from the DFT
electronic structure calculations using the Tersoff-Hamann approxi-
mation,47 as implemented in gpaw. 42,43 In this approach the current
I at a position r is given by
I(r) ≈CV
∑
nk
exp
(
− (εnk −εF )
2
∆2
)
ψnk(r)ψ∗nk(r)
Nk
(10)
where ψnk is the nth Kohn-Sham wave function at k-point k with
eigenenergy εnk, C is a prefactor that depends on the density of
states (DOS), surface work function and radius of the tip, V is the
potential of the sample with respect to the tip, ∆ ≈ 0.1 eV is the
electronic width in the calculation, Nk is the weight of k-point k,
and εF is the Fermi energy. As a Fermi energy we have used the
energy corresponding to the highest occupied Kohn-Sham state at
the Γ point of the clean Ag(111) surfaces.
 APPENDIX B. FINAL STATE METHODOLOGIES
To determine the reliability of the initial state approach for core-
level shifts due to molecular adsorption on a metallic substrate, we
also calculated the binding energies using three different final state
methods, as depicted schematically in Figure 10. In each final state
method the binding energy of the C1s level E is obtained from the
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Figure 10. Schematics depicting the (a) full core-hole, (b) half core-hole,
and (c) screened core-hole final state methods for calculating core-hole en-
ergy shifts, as applied to a PFP monolayer in vacuum, and adsorbed on
a Ag(111) three layer surface. For each method the calculated density of
states (DOS) for the final state, charge of the molecule Q in the final state,
and C1s energy shifts are shown. Occupation of the DOS is denoted by grey
regions, with charge added to screen the core-hole marked in red. Note the
DOS for the PFP monolayers in vacuum were increased by a factor of five
for clarity.
total energy difference between the final state with the C1s level
unoccupied, and the initial ground state. In other words,
E ≈ E f −EGS (11)
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where E f is the total energy of the final state with the photoelectron
ejected from the C1s level, and EGS is the total energy of the system
in the ground state. In this way the ability of the environment to
screen a core-hole is included explicitly through the final state.
The simplest method to model the final state is using a full core-
hole, as depicted schematically in Figure 10(a). In this case a spe-
cial pseudopotential is employed for one of the C atoms, which
has one electron removed from the C1s level, i.e. a full core-hole.
Within this model, the ejected photoelectron is then assumed to be
ejected into the vacuum. This requires a separate DFT calculation
for each inequivalent C chemical environment in the system, since
the total energy with a full core-hole E1ch is required.
A major advantage of this method is that, by taking a difference
of total energies, the absolute binding energies obtained are often
within 1–2% of the experimental values. However, this still means
discrepancies of more than 2 eV are often found with experiment,
with the value obtained highly dependent on the xc-functional em-
ployed. For this reason, the results still need to be “shifted” when
compared with experiment.
This method also has the drawback that the binding energy is
very strongly dependent on the system’s ability to screen the core-
hole, which will depend on the number of weakly bound valence
electrons in the system. For a minimal unit cell containing only one
molecule, the screening due to polarization of neighboring neutral
molecules is completely neglected. Since the number of electrons
available to screen is an order of magnitude higher for a molecule
on a metal substrate compared to a molecule in vacuum, this may
lead to a significant overestimation of the core-level shifts.
To address this issue, the half core-hole method, shown in Fig-
ure 10(b), has also been tested. This again requires a separate total
energy calculation E1/2ch, for each inequivalent chemical environ-
ment, with a special pseudopotential with half an electron removed
from the C1s level applied to one of the C atoms. The photoelectron
is again assumed to be moved to the vacuum level, but the core-hole
is now assumed to be partially screened.
This type of calculation has the advantage that it requires less
screening of the core-hole by the environment. However, the bind-
ing energies from half core-hole calculations are typically about
half those of full core-hole calculations, so that as with the initial
state method, only energy shifts should be compared with experi-
ment.
The third final state method considered herein involves a
screened core-hole, as seen in Figure 10(c). This method differs
from the full core-hole method only in that the photoelectron is
moved to the bottom of the conduction band, via a charged calcula-
tion. By charging the system, the core-hole may be fully screened,
whether the molecule is isolated or adsorbed on a metal surface.
We find this method yields core-level shifts which agree qual-
itatively with the initial state method, suggesting that effects due
to screening of the final state should be similar in vacuum or on a
metal substrate. However, as the photoelectron is not ejected from
the system, such a calculation more properly describes an x-ray ad-
sorption spectroscopy (XAS) experiment. In this way, such a cal-
culation will only describe XPS results in the limit where XAS and
XPS experiments are in quantitative agreement.
As depicted in Figure 10, the final state methods for calculating
the binding energy E of the C1s core level involve the following
procedure:
1. Perform a DFT structural relaxation of the molecular sys-
tem to obtain the ground state energy EGS .
2. Calculate the final state energy E f using a core-hole PAW
pseudopotential for one atom in the molecule with either:
(a) a full core-hole pseudopotential Q = +1 e (full core-
hole method),
(b) a half core-hole pseudopotential Q = +1/2 e (half
core-hole method), or
(c) a full core-hole pseudopotential with an electron
added to the conduction band Q = 0 (screened core-
hole method).
3. Calculate the final state binding energies using E = E f −
EGS .
 APPENDIX C. PFP FINAL STATE RESULTS
When a final state full core-hole calculation is performed, as shown
in Figure 10(a), we find a quite significant charge transfer from the
Ag(111) surface to PFP (∼ −1.29 e), which is almost double that
of the initial state. This transfer reflects the ability of the Ag(111)
surface to completely screen the core-hole through charge donation.
On the other hand, the PFP layer in vacuum is unable to move
significant amounts of charge, since only a single PFP molecule is
included within the unit cell. As a result, the core-hole shift is sig-
nificantly overestimated by the full core-hole method (∼ −5.3 eV
compared to −0.24 eV from XPS). This difference between the
molecule on the surface and in the vacuum may be partially ad-
dressed through the inclusion of uncharged molecules in the vac-
uum unit cell. However, this quickly becomes computationally un-
feasible, and limits the comparability of the relevant calculations.
For a half core-hole calculation, as seen in Figure 10(b), we ob-
tain a charge transfer from the Ag surface to PFP which is between
the initial state and full core-hole results (∼ −0.94 e). The cal-
culated core-level shift is also between the full core-hole and ini-
tial state results (∼ −2.5 eV), again overestimating the XPS results.
This suggests further screening of the core-hole is necessary to de-
scribe core-level shifts upon adsorption on a metallic substrate.
From Figure 10(c) we see that when the core-hole is completely
screened, both the charge transfer to PFP (∼ −0.55 e) and core-
hole shift (∼ −0.14 eV) agree semi-quantitatively with the initial
state method (cf. Figure 2). More importantly, the core-hole shift
is within 0.1 eV of the XPS measurements. We may thus conclude
that a full screening of the core-hole is required to describe core-
hole shifts between molecules in vacuum and adsorbed on a metal
surface. However, as mentioned previously, a screened full core-
hole calculation more correctly describes an XAS experiment.
For this reason, the discrepancies we observe between the
screened core-hole and initial state results may be attributed to dif-
ferences in the final state core-hole screening of the PFP monolayer
in vacuum and on the Ag(111) surface. From this we may estimate
that the core-hole screening by the Ag substrate is ∼ −0.4 eV. How-
ever, when both environments are monolayers on a surface, e.g.
core-level shifts between pure and mixed monolayers on Ag(111)
at similar heights above the surface with molecules of comparable
polarizabilities, differences in core-hole screening should be negli-
gible.
Overall, these comparisons suggest that from the point of view of
both computational feasibility and robustness/accuracy of results,
the initial state method may be preferred for core shifts upon ad-
sorption on a metal substrate.
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